In the past two decades, China has experienced economic growth without historical precedent, with average income rising from $894 per capita to $9,087 (PPP). However, this incredible surge in income has not been matched by comparable health gains; life expectancy at birth increased by 5.4 years, a modest gain relative to neighboring countries such as Taiwan or South Korea (World Bank 2012). Furthermore, much of the improvement in Chinese life expectancy came from reductions in infant and child mortality which were "low hanging fruits," as China pulled millions of its citizens out of abject poverty and instituted basic improvements in sanitation and public health. In contrast, the gains in adult health outcomes have been considerably smaller, in spite of the ten-fold increase in average income. Adult mortality fell faster in Taiwan, South Korea, and even Japan during this period-all countries with economic growth less than half as robust as China's. This puzzling trend has begun to attract considerable attention (Yang et al. 2013 ) and begs an obvious question: Why has China failed to enjoy a larger improvement in health amidst such astonishing economic growth?
One explanation for China's modest growth in life expectancy is the country's severe problems with air pollution. Since pollution is a byproduct of economic development, it may be that the benefits of greater income are offset by the cost of pollution exposure. This possibility has long been raised by those criticizing the emphasis on economic development above other priorities in low income countries. However, microeconometric evidence in favor of this hypothesis is scarce, possibly due to data limitations. Detailed cause of death data in developing countries are often unavailable, or available only at a national level. Similarly, local measures of economic growth are often unavailable or of low quality. As such, an accurate assessment of the benefits and costs of economic growth on pollution and mortality is often infeasible. This paper examines the changes in Chinese mortality patterns using the most comprehensive data file ever compiled on health, pollution, and income in China. Importantly, these data cover the period 1991-2012, when China experienced its unprecedented economic boom. The analysis is conducted using detailed mortality data taken from China's Disease Surveillance Points System (DSPS), a mortality-monitoring system covering a nationally representative sample of Chinese cities and counties. These data are linked to air pollution data for 1980-2012 taken from physical copies of China's Environmental Yearbooks and electronic files provided by China's National Environmental Protection Agency. Lastly, we assign to each DSPS location a measure of local per capita GDP, facilitating an analysis of both the role of pollution and income growth in affecting health.
We present two analyses that suggest that China's air pollution is associated with its modest improvement in health outcomes. First, we document in the time series that causes of death which are presumably affected by pollution have declined much more slowly than other causes of death. In particular, heart disease, stroke, and lung cancer have remained at similar levels through the 1990s and 2010s, and these cardiorespiratory illnesses now comprise a much larger share of Chinese mortality. In contrast, mortality rates from noncardiorespiratory illnesses, such as communicable diseases, have declined much more rapidly over the same period. Communicable disease mortality rates are very likely to be responsive to hospital construction and public health initiatives, but less sensitive to pollution. As such, the cause-specific mortality trends suggest that China's income growth has improved health outcomes, but failed to do so for pollution-sensitive causes of death.
Second, we examine the association between health outcomes, income, and pollution across regions of China. In cross-sectional models, we find that income growth is associated with gains in life expectancy that are driven by declines in noncardiorespiratory mortality rates. High pollution exposure is associated with declines in life expectancy, but this effect would not be judged statistically significant by conventional criteria. There is, however, a statistically significant relationship between pollution exposure and higher rates of cardiorespiratory mortality. We also estimate first-difference models where we examine changes across DSPS locations in mortality patterns between the beginning and end of our sample period, 1991-1993 and 2010-2012. We find that declines in particulate air pollution are associated with increases in average life expectancy and lower rates of cardiorespiratory mortality. The results suggest that air pollution may in fact be an important factor in explaining China's modest growth in life expectancy during a period of rapid economic development. However, these associational findings need to be probed further with quasi-experimental research designs that isolate plausibly exogenous variation in pollution (Dominici et al. 2014 ).
I. Economic Development and Pollution
The health consequences of pollution in developing countries are difficult to isolate because income growth often occurs simultaneous to increases in pollution (and indeed may be a function of pollution), making it difficult to isolate the causal effect of pollution. More formally, consider a simple specification where life expectancy (L) is a function of income I and pollution P and income is a function of pollution:
In this setup, a regression of life expectancy on pollution confounds the positive effects of income growth with the potentially harmful consequences of pollution. Rather, it represents the net effect of pollution on health through the direct effect on life expectancy and an indirect effect through pollution's impact on income.
Since some policy options involve changes in pollution that do not affect local incomes, it is critical to obtain the partial derivative of life expectancy with respect to pollution, rather than the total derivative. The next section outlines the data sources that we have amassed to infer this relationship using data from China over the last two decades.
II. Data Sources and Descriptive Statistics
Our analysis is executed on a merged sample of health, pollution, and income data between 1991 and 2012. The mortality data are taken from the DSPS, a nationally representative sample with coverage of 145 locations between 1991 and 2000 and 161 locations between 2004 and 2012. The pollution data are taken from China's Environmental Yearbooks, which contain measures of pollution from the early 1980s and through our sample period, and are described in great depth in the online Appendix. Gross Domestic Product per capita is calculated for each DSPS location using income and population data from the Provincial and City Statistical Yearbooks. Lastly, the DSPS locations are merged with demographic information from the 1990 and 2010 census to obtain county-level information on average education, share of minority, and share with urban hukou (household registration).
The sample means are reported in Table 1  which compares China in 1991, 2000, and 2012 : before, during, and after its explosive economic growth. The summary statistics are reported for the subsample of DSPS locations used in our analysis by virtue of having a nearby pollution monitoring station; 136 DSPS locations for 1991-2000, and 154 DSPS locations in 2012. Several noteworthy patterns are immediately evident. First, life expectancy increased by 6.4 years between 1991 and 2012, raising average longevity from 69.3 to 75.7 years. However, much of the gain was from under-five mortality, as life expectancy at age five remained only 71.4 years, which is 4.3 years higher than two decades prior. The explanation for this comparatively modest improvement is found in the breakdown of cause-specific death rates, where we find striking differences between cardiorespiratory diseases versus the rest of causes of death. Noncardiorespiratory diseases, which include most communicable diseases and causes of death relevant to infants and young children, dropped dramatically from 432 to 221 deaths per 100,000. This is consistent with our understanding that China's rapid economic growth has enabled it to implement widespread improvements in public health and sanitation, thereby reducing mortality from diseases affecting the young. However, the results are more sobering for cardiorespiratory diseases: mortality from heart diseases, stroke, and lung cancer remained virtually unchanged during the period. These diseases are known to be sensitive to air pollution, as documented by a rich medical literature (see Chen et al. 2013 for references). The results suggest that pollution-related diseases have continued to have high mortality rates in China, in spite of robust economic growth that appears to have facilitated substantial declines in other causes of death. The table also highlights China's rapid income growth, in which average per capita GDP rose by a factor of 10 at the DSPS locations, from an average of 4,317 yuan (~$900) to 40,151 (~$6,360) in real terms. 1 In the table's final row, we report trends in particulate air pollution. Since China's monitoring system has not consistently monitored fine particulate matter (PM 10 ) for the entire period, we impute PM 10 from the Total Suspended Particulates (TSP) reading. This is calculated using the assumption that PM 10 represents 37.5 percent of TSP, the observed proportion in instances where both measures were collected. As shown in the table, the data reveal a striking decline for two of the air pollutants in the previous two decades. For example, PM 10 declines from 111.3 to 80.1 micrograms per cubic meter (µg/m 3 ) in the two decades; this decrease of 33.3 µg/m 3 is more than the absolute level of pollution in many countries.
In this paper, we examine the consequences of pollution exposure in the long run. We define long-run pollution exposure as the average pollution reading assigned to the DSP location in all years prior to the observed year, and including the year itself. As a result, while the declines in annual pollution in Table 2 are substantial, their influence on lifetime exposure is more muted when using our long-run measures. For example, the population at a DSPS location in 1991 and in 2012 will both have been exposed to the 1980s pollution at the location. Therefore, both the level and timing of a pollution decline will factor into our estimated pollution exposure at any given DSPS location. Table 2 presents the results from regressing a series of health outcomes against exposure to particulate matter (TSP and PM 10 ), and per capita GDP. Specifically, we estimate three sets of regressions displayed in panels A, B, and C: cross-sectional with 1991-2000, cross-sectional with 2004-2012, and a first-difference specification where we regress changes in the outcome variables on changes in pollution exposure and changes in per capita GDP between the two periods. Our outcome variables (displayed in the column headers) are life expectancy at birth, life expectancy at age five, age-adjusted death rate from cardiorespiratory mortality, and age-adjusted death rate from all other causes of death.
III. Assessing the Relationship between Health, Pollution, and Income
In panel A, we focus on 1991-2000. The results reflect a strong positive relationship between GDP and life expectancy, driven primarily by its negative impact on the noncardiorespiratory rate. A doubling of income is predicted to have a 3.5 year gain in life expectancy and reduce noncardiorespiratory mortality by 121 deaths per 100,000, or roughly 28 percent from its level in 1991. These findings fit the conventional wisdom; as China began to pull itself from poverty, the first gains were from reductions in infant mortality and childhood diseases, yielding large declines in mortality from these causes of death. Notably, the results fail to find a statistically significant relationship between income and life expectancy at age five. The table also reveals a significant positive association between TSP exposure and cardiorespiratory mortality: an additional 100 µg/m 3 of TSP raises the cardiorespiratory mortality rate by 25 per 100,000, an increase of roughly 5.8 percent from its level in 1991. Although TSP is negatively correlated with both life expectancy measures, these relationships would not be judged to be statistically significant.
The results in panel B are very similar to those reported in panel A. Here, the sample is composed of DSPS locations observed between 2004 and 2012 and we use direct measurement of PM 10 . The results are similar in that income growth is positively associated with life expectancy at birth, though with a lower estimated semi-elasticity. Income is again associated with stronger declines in noncardiorespiratory mortality. Finally, particulate matter is positively correlated with cardiorespiratory mortality, with a 100 µg/m 3 increase in PM 10 resulting in an increase in the mortality rate from these causes by 50 per 100,000, an increase of over 11 percent.
Panel C presents the results of a first-difference specification that examines the relationship between changes in health and changes in income and pollution between the beginning (1991-1993) and end (2010-2012) of our sample frame. 2 This enables us to compare the same DSPS location after two decades of radical change in China and relies on an alternative source of variation than is utilized in the cross-sectional results in panels A and B. Specifically, the first-differencing purges the estimates of the influence of all time invariant determinants of the health outcomes, such as differences in diet or smoking rates. Of course, the estimates of the effects of GDP and pollution may still be confounded by time-varying DSPS-level factors and the role of measurement error, which may produce greater attenuation bias than in the cross-sectional approach. However, the results suggest that economic growth is a key predictor of growth in life expectancy: a doubling of economic growth is associated with an additional 2.4 years of life expectancy. The first difference results suggest that GDP growth during these two decades is also associated with important declines in both cardiorespiratory and noncardiorespiratory diseases. Interestingly, the point estimates are comparable to those from the cross-sectional equations. Overall, the per capita income results suggest that income is protective of health: a doubling is associated with a 2-3 year increase in life expectancy at birth. Since income increased by a factor of ten in this period in real terms and total life expectancy increased by 6.4 years, it appears that there was a countervailing force that reduced life expectancy; we estimate that a 100 µg/m 3 increase in PM 10 exposure is associated with a decline in life expectancy of 1.5 years at birth and 2.3 years at age five. These results are suggestive evidence that Chinese counties with greater pollution increases (or smaller pollution decreases) are experiencing slower life expectancy increases and have experienced higher cardiorespiratory mortality rates during adulthood.
IV. Discussion and Future Directions
In the past two decades, while rapid economic development has led to a decline in China's mortality rate among infants and young children, the health gains have been more modest among adults. A candidate explanation for this trend is long-term exposure to air pollution, which raises the mortality rates from cardiorespiratory diseases. We have presented suggestive evidence that this is indeed the case. In light of these potentially large impacts on well-being, an urgent area for future research is to probe the validity of this paper's findings with quasi-experimental designs where the source of variation in pollution is better understood (Dominici et al. 2014 ).
